We report a first-principles study of hydrogen storage media consisting of calcium atoms and graphenebased nanostructures. We find that Ca atoms prefer to be individually adsorbed on the zigzag edge of graphene with a Ca-Ca distance of 10 Å without clustering of the Ca atoms, and up to six H 2 molecules can bind to a Ca atom with a binding energy of ~0.2 eV/H 2 . A Ca-decorated zigzag graphene nanoribbon (ZGNR) can reach the gravimetric capacity of ~5 wt % hydrogen. We also consider various edge geometries of the graphene for Ca dispersion.
1
Hydrogen storage in solid-state materials is of importance in many applications, e.g., for the development of hydrogen fuel-cell powered vehicles. 1, 2 For the last decade, metal or chemical hydride materials have been considered as a hydrogen storage medium; however, these materials have issues such as slow kinetics and poor reversibility. 1 Recently, carbon-based nanostructured materials have also been explored as a hydrogen storage medium because of the possibility of good reversibility, fast kinetics, and high capacity (large surface area). [3] [4] [5] [6] However, it has been found that the storage capacity in these nanomaterials significantly decreases at room temperature and ambient pressure 7, 8 because the binding energy of H 2 molecules on these materials is short of the desired energy of ~0.2 0.6 eV − 9 .
In recent years, theoretical studies have suggested two approaches to enhance the interaction of H 2 molecules to materials. One approach is to use the induced polarization of H 2 molecules by an electric field. Alkali metal or alkali earth metal (Li, Na, and K)-decorated, charged, and Ca-coated nanostructured materials can bind H 2 molecules with a binding energy of ~0.1 0.2 eV. . Experimental studies on hydrogen storage materials employing the Kubas interaction have been reported using reducible mesoporous Ti oxides, organic Ti complexes, and Ti-ethylene complexes. [25] [26] [27] However, transition metal atoms basically prefer being clustered to being individually dispersed on nanomaterials because of the large cohesive energy of bulk transition metals (i.e., ~4 eV). 28, 29 Clustering changes significantly the adsorption nature of the H 2 molecules, causing the H 2 molecules to dissociate. So, the hydrogen storage capacity is much lower than what was proposed theoretically for the dispersed geometry.
More recently, the use of calcium atoms has been considered as a decorating element instead of the transition metal atoms because of the low cohesive energy (1.8 eV) of bulk calcium. 30, 31 It has been 2 found that clustering of Ca atoms is suppressed on boron-doped or defective carbon nanotubes (CNTs), and the Ca atom adsorbs multiple H 2 molecules with a binding energy of ~0.2 eV. Another attractive feature is that the hybridization of the unoccupied Ca 3d states with the H 2 σ states as well as the polarization of H 2 molecules both contribute to the H 2 binding to Ca atom. 30 The study shows the feasibility of the hydrogen storage using metal-decorated system. [19] [20] [21] [22] [23] [24] [25] However, high concentrations of B dopants or defects are necessary to achieve high Ca coverage on B-doped or defective carbon nanotubes. 30 In this paper, we show the feasibility of high Ca coverage on graphene-based nanostructures without the aid of any dopants and defects or with a low concentration of B dopants. We find that the Ca atoms prefer to be individually adsorbed on the zigzag edge of graphene and clustering of Ca atoms is suppressed. Up to six H 2 molecules can be attached to a Ca atom with a binding energy of ~0.2 eV/H 2 , and a Ca-decorated ZGNR can attract H 2 molecules with the gravimetric capacity of 5 wt % hydrogen.
We also consider different edge geometries of the graphene, namely, combined zigzag-armchair-edged graphene nanoribbons (GNRs), large vacancy-defected graphenes with zigzag edge, and boron-doped armchair graphene nanoribbons (AGNRs) for Ca dispersion.
All of our calculations were carried out using a first-principles method based on density functional eV on graphene or CNTs, which is consistent with the results of the previous study. 36 We find that the transferred charges between the Ca atom and the nanoribbon are more localized when the Ca atom is adsorbed on the edge of a ZGNR than when Ca atom is adsorbed on the middle of the ZGNR as shown in Figure 1c ,d. We attribute the larger binding energy of Ca atom on the edge of ZGNRs to the enhanced electrostatic energy by localized transferred charges. Analysis of our results shows that, basically, the binding mechanisms of Ca atom on any hexagonal sp 2 carbon structures (e.g., graphene, GNRs, and CNTs) are the same. However, the large binding energy (~2 eV) on the edge of ZGNRs compared to the value of ~0.7−0.6 eV on the middle of ZGNRs, on either the middle or edge of AGNRs, on graphene, and on CNTs is due to a more localized charge transfer on the edge of ZGNRs than in the other cases.
We also consider different geometries of the edge of graphene nanoribbons or large vacancy-defected graphenes with zigzag edges. The binding energy of a Ca atom on an armchair edge for a zigzagarmchair-edged GNR, the zigzag edge of an armchair-zigzag-edged GNR, and the zigzag edge of a large vacancy-defected graphene as shown in Figure 1e -g is 0.90, 1.20, and 1.38 eV, respectively. The binding energy of a Ca atom on the zigzag edges is larger than that on the middle of ZGNRs, on AGNRs, and on graphene. We have also explored the adsorption of Ca atoms on some particular forms of mixed C-BN nanotubes (see Figure 1h ,i) because these tubes have the zigzag edges consisting of the carbon atoms. It has been found that the geometries of zigzag C-BN nanotubes depicted in Figure 1h ,i are stable. 37 The binding energy of a Ca atom on the zigzag edge (middle) of the carbon region of the (7,0) and (7,7) C-BN nanotubes is calculated to be 1.6 (0.7) and 2.5 (1.6) eV, respectively. Therefore, these results further show that Ca atoms prefer to be adsorbed on the zigzag edge made up of carbon 4 atoms.
We have investigated whether Ca atoms would aggregate on ZGNRs or AGNRs because Ca aggregation changes the bonding nature of adsorption of H 2 molecules. Figure 2 opposite spin orientation between ferromagnetically ordered edges is more stable than the one with the same spin orientation between the two edges regardless of alkali or alkali earth metal adsorption. The further adsorption of H 2 molecules also does not affect the magnetic ground state because the binding mechanism of the H 2 molecules on the Ca comes from the polarization of the H 2 molecules. We believe that the magnetic structure is not expected to influence the conclusion of the paper. CNTs. 40, 41 Furthermore, wide grapheme samples (~2cm×2cm) have been synthesized using catalysts 42 and large vacancy-defected graphenes have been made 43 , and C-BN nanotubes have been synthesized as well. 44 These experiments indicate that Ca-decorated zigzag graphene-based nanostructures we propose here can be made.
In conclusion, we have demonstrated the possibility that individually dispersed Ca-decorated graphene-based nanostructures can serve as a high-capacity hydrogen storage medium. Ca clustering is suppressed on the zigzag edge and on B-doped armchair edge of graphene. We feel that these systems can be made, and we encourage experimental searches to synthesize these hydrogen storage nanomaterials that may operate at room temperature and ambient pressure. of a zigzag-armchair-edged GNR, the zigzag edge of an armchair-zigzag-edged GNR, the zigzag edge of a large vacancy-defected graphene, a (7,0) C-BN nanotube junction, and a (7,7) mixed C-BN nanotube, respectively. 
